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Nucleation of YBa2Cu3O7 From Precursor Films
Using the Barium Fluoride Process

Vyacheslav F. Solovyov, Harold J. Wiesmann, and Masaki Suenaga

Abstract—Coated-conductor applications of YBCO require
YBCO layers with high and a thickness of several micrometers.
The barium fluoride process offers a convenient way of depositing
crack-free fluorinated precursor layers up to 5 microns thick.
However, converting thick precursor layers into c-axis-oriented
YBCO films is challenging due to extensive nucleation of random
grains. In this paper we address this problem with both a theoret-
ical and experimental analysis of YBCO nucleation. We utilized
optical polarization contrast to observe YBCO nuclei imbedded in
the precursor matrix. We observed that the nuclei density strongly
depends on processing parameters, with the oxygen partial pres-
sure being one of the strongest factors. During ex-situ processing
the nuclei merge and form grains and the nuclei density is, there-
fore, directly related to the grain size of YBCO film. It is desirable
to have a small grain structure, since large grains do not connect
well and the of such a film is low. However, attempts to increase
the nuclei density also generates more randomly oriented grains.
Therefore the optimization of ex-situ processing is essentially
finding a balance between c-axis grain density and random grain
content.

Index Terms—Barium fluoride process, coated conductors,
YBCO.

I. INTRODUCTION

DEVELOPMENT of coated (YBCO)
conductors for magnetic field and electrical utility appli-

cations requires a robust technology for growing high quality
YBCO epitaxial layers. Ex-situ processing is being considered
as a component of such a technology, primarily due to the
possibility of parallel processing of large quantities of coated
tape [1]. Ex-situ processing is essentially the conversion of a
fluorinated precursor into epitaxial YBCO with the release of
HF and absorption of water vapor. It is generally now accepted
that the growth rate of YBCO is limited by removal of the
reaction product, HF, via gaseous diffusion and/or convection
[2]. The partial pressure of HF, , at the growth front can
be related to the partial pressure of water vapor, , in
the processing atmosphere through the equilibrium condition,

, where is the equilibrium constant
of the conversion reaction.

The YBCO growth rate, , is proportional to the HF gas flux:

(1)
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A very important and still unexplored subject is the nucle-
ation of YBCO in the ex-situ process. Attempts to study the nu-
cleation by means of transmission electron microscopy (TEM)
has provided only fragmented information [3], mainly because
TEM samples offer a limited field of view and are difficult to
prepare. It is essential to know details of the nucleation process,
since the YBCO layer inherits the microstructure of the nuclei.
In this paper we will briefly outline our latest understanding
of the YBCO nucleation mechanism in the ex-situ process and
will primarily concentrate on practical aspects of optimization
of thick film YBCO performance.

II. EXPERIMENT

The precursor films were deposited by high-rate co-evapo-
ration of Y, and Cu in a vacuum chamber at an overall
pressure , described in more detail in [2]. The
substrates were buffered Ni-W RABITS tapes provided by
AmSC. Finally, the films were processed in a standard atmo-
spheric quartz reactor. The processing atmosphere consisted of
oxygen, water vapor and balance nitrogen. We utilized optical
polarization contrast to detect YBCO nuclei, which had grown
up to the film surface. Careful adjustment of the polarization
angle allowed a good contrast to be achieved between the
YBCO grains and unreacted precursor. A similar technique was
used to bring out the outlines of YBCO grains after the film
was completely processed.

Optical images were used to determine average grains
size and inter-nuclei spacing. Critical current density was
determined from transport I-V curves using a 1 field
criterion. The transport measurements were performed in liquid
nitrogen. The structural characterization comprised standard
2-theta diffraction and texture analysis using 4-circle goniom-
etry.

III. RESULTS

Fig. 1(a) shows the polarization contrast of the surface of
a 0.2 thick YBCO film deposited on buffered RABITS
tape and processed for 10 min under the following conditions:

, , ,
atmospheric pressure. Dark circles are YBCO nuclei and the
rest of the area is unprocessed fluorinated precursor. We have
traced the grain boundaries of the Ni-W tape with solid white
lines for clarity. This figure illustrates the complexity of the
microstructure of ex-situ processed films. The network of
YBCO grains is superimposed over the much larger grains of
the textured metal base.
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Fig. 1. Optical polarization contrast of surface of 0.2 �m thick film. Panel
A, the film was quenched after 10 min of processing. YBCO nuclei can be
clearly seen as dark circles. Grain boundaries of underlying Ni-W tape are traced
with white lines for clarity. Panel B, the same film completely processed. Note
granular surface morphology.

Fig. 1(b) shows the surface of the same film after processing
was completed and the nuclei merged forming a coarse grained
film. This kind of granularity seems to be a typical feature of
ex-situ grown films. The film shown in Fig. 1(b) had a negli-
gible . Using magneto-optic imaging we established that the
large grains were not well coupled even though the in-plane
and out-of-plane grain alignment was good. While the cause
of this effect is under investigation, the most likely explanation
is that secondary phases get trapped between merging growth
fronts. Since the amount of secondary phases accumulated by
the growth front is proportional to the growth front travel dis-
tance, the de-coupling is more pronounced when the average
grain size is large. Taking into account very the short coherence
length of YBCO, it is not surprising that even thin nonsupercon-
ducting layers can effectively de-couple even though the YBCO
grains are almost perfectly aligned.

Films at 2 microns thick processed under the same conditions
tended to have much larger c-axis oriented grains. An example
of this effect shown in Fig. 2, which shows the surface of 2
thick film processed under conditions identical to those of the
0.2 sample shown in Fig. 1. Comparing of Figs. (1a) and 2

Fig. 2. Optical polarization contrast of surface 2 �m precursor film showing
YBCO nuclei (dark discs). The film was processed under conditions identical to
one shown in Fig. 1 for 0.5 hr. Note substantial reduction of the nuclei density
as compared with Fig. 1.

Fig. 3. Critical currents and intensity “random” peak of 2 �m thick YBCO
films on RABITS buffered tape vs. the grain size.

one notes the remarkable reduction of the c-axis oriented nuclei
density in the thicker film.

It is possible to control the nuclei density and resulting grain
size. In a forthcoming publication [4] we analyze factors that
influence the nuclei density and, consequently, the grain size.
Briefly, the strongest factors are the growth rate and oxygen par-
tial pressure. For example, we processed a 0.2 thick film
under conditions identical to the sample shown in Fig. 1 except
that the oxygen partial pressure was increased to 300 milliTorr.
This caused the gain size to decrease below the optical resolu-
tion of our microscope and the grain network shown in Fig. 1(b)
disappeared. However, increased to 1.2 .

Fig. 3 illustrates the results of our optimization effort for a set
of 2 thick precursor films on buffered RABITS Ni-W tapes.
These films were processed at atmospheric pressure, 735 ,

, the oxygen partial pressure was varied
from 100 to 300 milliTorr with the growth rate ranging from
0.04 to 0.14 nm/s. The plot shows critical current density and the
intensity of “random” peaks as a function of grain size, which
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for each sample was determined from optical images similar to
the one shown in Fig. 1(b). We started the optimization with
a very large-grained film, gain size , processed at

and a growth rate of 0.04 nm/s. As
we decreased the grain size by raising gradually in-
creased due to the improved coupling of the smaller grains.
When the grain size approached 10 microns we observed ex-
tensive nucleation of random grains, evidenced by the rise of
the intensity of (103)-(013) reflections. Beyond this point the
critical current plummeted, because random grains negated all
of the gain in from the improved coupling of the c-axis ori-
ented grains. For this specific precursor-substrate combination
the maximum that we could achieve was 0.6 . How-
ever, using a different substrate we could make the grain size as
small as 5 with for a 2 thick film.
One can summarize our experience with the ex-situ processing
of thick -based precursor films by saying that optimization
means maximizing the density of c-axis oriented grains while
keeping the density of random grains to a minimum.

Fortunately the inter-grain coupling is more tolerant to the
grain size in thicker films. As we mentioned before the 0.2
thick film shown in Fig. 1 had a grain size 5 and was com-
pletely uncoupled, while according to Fig. 3, a 2 thick film
with 10 grains had a reasonably high . We have no under-
standing at this point why the inter-grain coupling is thickness
dependent.

IV. DISCUSSION

Ex-situ processing comprises two distinct thermodynamic
events: nucleation and growth. During the nucleation stage
YBCO nuclei appear on the precursor-substrate interface. The
nuclei start to grow and eventually coalesce into a more or less
uniform YBCO layer. To be stable the nuclei have to overcome
an energy barrier. The height of the barrier is the sum of the pos-
itive surface energy and negative volume energy of the nucleus.
The substrate provides areas with lower surface energy thus
facilitating nucleation. The volume contribution is described
by the supersaturation (or driving force), , which
is a measure of the deviation of the thermodynamic potential
of a reaction, , from equilibrium. When then .
In our case the deviation from equilibrium is measured by
the difference of the HF partial pressure at any point on the
precursor-substrate interface from the equilibrium HF pressure,

.
The surface energy depends on the nucleus orientation with

respect to the substrate. Randomly oriented nuclei have a sur-
face energy higher than c-axis oriented nuclei. Therefore the ini-
tiation of random nucleation requires levels of supersaturation
higher than that required for c-axis nucleation. Without modi-
fying the substrate, adjusting the level of supersaturation is the
only way to selectively nucleate the c-axis oriented grains.

To estimate the supersaturation, consider the geometry shown
in Fig. 4. Here we have a precursor of thickness , with ex-
isting nuclei at the positions labeled and a potential nucle-
ation site at position . Positions represent nucleation sites
with a reduced surface energy. C-axis oriented nuclei occupy
these sites first. Position represents a site with higher sur-

Fig. 4. Geometry used in calculation of supersaturation for a precursor film of
thickness d. Existing YBCO nuclei are labeled A and potential nucleation site
is labeled B.

face energy, which, depending on the level of supersaturation,
can be occupied by either a random or c-axis oriented nucleus.
As the existing nuclei at positions grow they release HF. The
HF diffuses through the precursor thickness, , (with a perme-
ability ) and then through the gaseous atmosphere (with per-
meability ) over the length . The partial pressure of HF
at the surface of the nuclei is equal to the equilibrium value

and is assumed to drop to zero at a distance from
the film surface. Since we can neglect gra-
dients at the film surface. If so, , which is the par-
tial pressure of HF at position in Fig. 4, would be equal to

, where is the pressure drop of HF
across the precursor solid. We can estimate from the ar-
gument that the HF flux is the same in the gas and the solid and
that , so .
Using (1) we find the supersaturation at position :

(2)

Examining (2) we see that increasing the thickness of the pre-
cursor elavates the supersaturation making thicker films more
prone to random nucleation. To decrease the supersaturation
we need to compensate for the increased thickness. The equa-
tion suggests several ways to counter-balance the “thickness”
term, , such as slowing down the growth rate, , or increasing

and/or the film permeability, .
Estimation of the surface energy of the nuclei is more dif-

ficult, since many essential parameters are unknown. The sub-
strate morphology reflects the catalyzing potency of the sub-
strate, for instance the (100) crystal face is capable of
providing far more nucleation sites than a technical oxide buffer.

As previously discussed oxygen partial pressure has a re-
markably strong effect on nucleation [4]. This is surprising
taking into account that the growth rate itself is practically
independent on [2]. We speculate that the nuclei have
an oxygen stoichiometry somewhat different from that of bulk
YBCO, making the nuclei surface energy sensitive to .

Overall the nucleation energy would include the volume term,
(2), and the surface energy term which would strongly depend
on and the substrate type.
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Reduced was successfully used for processing of
c-axis oriented 0.4 thick films as early as 1991 [5]. However
for processing of 5 thick films we had to use a very high

in addition to a low [6]. However,
cannot be made too low without inducing excessive cation
disorder in the YBCO structure. This puts an emphasis upon
increasing , i.e. making the precursor more permeable for
HF, as an effective way to compensate for the term in (2).

We can now come up with a simple interpretation for our
results shown in Fig. 3. By increasing we reduced the
barrier for nucleation, nucleating more c-axis oriented nuclei,
with an increasing grain density and higher as the result.
At some point increasing the level causes the barrier
for nucleation to be decreased to such a degree that the c-axis
versus random grain selectivity is lost. Even though the grain
size is still decreasing the fraction of randomly oriented grains
increases causing to decrease as shown in Fig. 3.

Equation (2) predicts that thicker films will have increased
supersaturation and should have smaller grains. However, as il-
lustrated by Figs. 1 and 2 grains in a thicker film are larger. We
believe that to understand this effect we should consider the dy-
namics of nuclei ripening. We use Fig. 4 to illustrate one pos-
sible scenario. When nuclei first form at low-energy positions,

, they experience fast growth, since the area of the growth front
associated with them is small. Therefore, these nuclei have a
chance to grow to the surface before other higher-energy loca-
tions, like the one labeled , become occupied by YBCO. Once
the growth front of a nuclei reaches the surface at position ,
the at the film surface would be very close to
and the pressure drop, , across the film thickness will
vanish. This will cause the supersaturation at position to drop
substantially and the growth rate of nuclei at position would
be reduced by a factor . The consequence of this
nucleation-ripening scenario is that nuclei will never reach
the surface and will be overgrown by nuclei. This also may

be an explanation for several TEM sightings of unprocessed pre-
cursor which appears to be trapped between YBCO layers [3].
As we can see the film thickness and the precursor permeability
are the negative factors which equally contribute to undesirable
grain coarsening.

V. CONCLUSION

Supersaturation can be used as a single optimization param-
eter in the YBCO ex-situ process. Optimizing the value of the
supersaturation allows one to maximize the density of c-axis ori-
ented nuclei while keeping number of randomly oriented grains
to a minimum.
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